Abstract-The test ports on automatic network analyzers are generally built with an impedance that matches the impedance of the calibration standards. This paper gives experimental evidence that substantial impedance discontinuities can be tolerated at the test port interface if proper calibration procedures are observed. The 50-0 test port on one of the six-ports in a dual six-port network analyzer was replaced with a 75-0 test port. This test port was then calibrated to look like a 50-0 test port. Measurements on various devices showed that indeed it was possible to make a 75-0 test port indistinguishable from a 50-0 test port.
I. INTRODUCTION ODAY'S automatic network analyzers are generally
T built with test ports as perfect as possible. The rationale for doing this is that the impedance of the network analyzer test port should match the impedance of the calibration standards in order to avoid unwanted propagation modes at the test port interface. Supposedly, if unwanted modes exist at the test port interface then it cannot be assured that they remain constant with the connection of the various calibration devices. Thus a calibration and subsequent measurement error will result due to the presence of these uncontrollable modes. However, it is recognized that unwanted modes can exist elsewhere in the network analyzer as long as they remain constant and are sufficiently attenuated at the test port. A general rule of thumb is that higher order modes propagating down a coaxial transmission line are attenuated by 30 dB after traveling a distance d, where d is the diameter of the outer conductor of the coaxial line. It is generally desirable to have unwanted modes attenuated by more than 60 dB relative to the fundamental TEM mode at the test port interface.
Unfortunately, with today's modem network analyzers it is becoming more difficult and expensive to build test ports with the precision of the calibration standards that are connected to them. Calibration standards for modem network analyzers are currently being manufactured with dimensional tolerances better than 2.54 m X lop6 m ( 100 pin). It is difficult to build and maintain test ports with this accuracy. Similarly, the placement of the center conductor supporting beads relative to the test port interface is a critical problem. If the bead and supporting structure is too far from the test port interface, some movement in the center conductor is possible. If the bead is too close to the interface, higher order modes generated by the bead and support structure can be expected at the interface. Thus a logical question is: to what degree can imperfect test ports be tolerated on network analyzers? Perhaps corrections can be made for test port imperfections just as corrections are made for other imperfections in the network analyzer.
Recent theoretical work by Hoer [ I ] has shown that, under some conditions, it is possible to correct for imperfections in the test port during the calibration of the network analyzer. Basically, test port imperfections can be calibrated out just as other network analyzer imperfections are calibrated out. If the test port imperfection and the modes at the test port interface remain constant throughout the calibration process, then they can be measured and a correction made for them in any subsequent measurements. The key here is the requirement that they remain constant. If any of the calibration devices significantly alter the mode structure at the interface, a calibration error is likely. However, if the mode structure at the test port interface remains constant throughout the calibration process, those modes can be treated as any other network analyzer imperfection. This paper will present experimental evidence to support this theory.
EXPERIMENTAL SETUP
To test the theory, we decided to conduct an experiment on the NBS dual six-port network analyzer with a gross test port mismatch. The normal 14 mm, 5 0 4 test port on six-port number 1 was replaced with a 14 mm, 7 5 4 test port as shown in Fig. 1 . According to theory it should be possible to calibrate the six-port network analyzer and make the 75-0 test port look like a 50-Q test port. The test port on six-port number 2 remained at 50 Q since, according to theory, this gives the worst-case conditions.
A 75-0 test port was chosen for the experiment for two reasons. First, as shown in Fig. 2(a) , the 75-and 50-Q outer conductors have the same dimensions, and therefore, mate directly. Second, the center conductor discontinuity at the 75-504 transition creates significant higher order modes. A theoretical description of the reflections at this discontinuity is given in Section 111. The network analyzer's performance should be noticeably affected if the discontinuity is not correctly accounted for. It should U.S. Government work not protected by U.S. Copyright
,. be pointed out that the degree of test port mismatch in this experiment is substantially greater than would be encountered in normal practice. The six-port network analyzer was calibrated using the line-reflect-line (LRL) technique described by Hoer and Engen [2] . This procedure, which is described in Fig. 3 , requires the connection of two standard air lines (shown as line #1 and line #2) and two or more one-port devices.
The one-port devices, often referred to as reflects, can be either matched terminations or highly reflecting terminations. Offset shorts built in the same mannerand with the same precision as the air lines were used for the reflects in this experiment. Note that the configuration of the connections is the same at both test ports for all calibration devices. This would not be the case, for example, if a reference plane (flat) short were used in the calibration process instead of an offset short. The fringing fields at the test port interface can be expected to be different when a flat short is connected as compared to when the air lines or reflects are connected. Thus the premise that the mode structure remains undisturbed throughout the calibration process is satisfied in a general sense. Any changes in the test port mode structure due to the different calibration standards is assumed to be negligible in the experiment.
THEORETICAL ANALYSIS
It is instructive to conduct a theoretical analysis of the 75-50-0 discontinuity in order to understand the various reflection components at the discontinuity and how they affect the propagating waves. The theoretical analysis is also helpful in interpreting and understanding the experimental results that follow. The equivalent circuit for the discontinuity is shown in Fig. 2(b) . One can show [3] that the reflection coefficient rl, on the 75-0 side of the connector, is related to the reflection coefficient r2 on the 50-0 side by where y is the normalized admittance due to the discontinuity capacitance C as given by where Zol = 75 and ZO2 = 50 0. In this instance, the discontinuity introduces a phase shift between rl and r2. Note that I rl I = I r2 I = 1. The difference in phase between rl and r2 is cP2 -which ranges from -20.15" to 24.94'. There is no difference in In this experiment, the impedance discontinuity term, z , is much larger than the discontinuity capacity term, y.
However, y is significant in the measurements when r2 is near + 1. When r2 = + 1, the 7.76" phase shift in rl is entirely due to y. Similarly, when r2 = 0.707 + j0.707, the discontinuity capacity accounts for 5.79" of the phase shift in rl. Thus changes in the discontinuity capacity will cause changes in the phase of rl when r2 is near 1. Conversely, rl is primarily determined by the impedance discontinuity, z , when r2 = 0. Thus one can expect the impedance discontinuity, z , to show up as a change in the magnitude of a nonreflecting device such as a matched termination.
IV. EXPERIMENTAL MEASUREMENTS The six-port network analyzer was calibrated as outlined in Fig. 3 . According to theory this procedure should make both the 75-and the 50-0 test ports look like 50-0 test ports. The reflection coefficient of six different devices was measured on the 75-0 test port. Those measurements are identified as I'75 to denote the fact that they are reflection coefficient measurements made on a 75-Q test port that has been calibrated to look like a 50-Q test port. These measurements were then compared with conventional reflection coefficient measurements that were made on the six-ports when both test ports were 50 52. The conventional reflection coefficient measurements are denoted as rs0. If the 75-Q test port has been calibrated to look like a 50-0 test port then r75 and r5,, should be identical. A 50-0 termination, a 1.5 VSWR termination, a 1.25-cm offset short, a 3.75-cm offset short, a flat ( 0 " ) short, and a 75-0 termination were measured. Fig. 4(a) shows the magnitude of the reflection coefficients rS0 and r75 for the 3.75-cm offset short. The phase of the reflection coefficient, denoted by $50 and $75, is shown in Fig. 4(b) . For the phase, it is more convenient to plot a normalized phase angle as given by (4) wherefGHz is the frequency in gigahertz, and l,, is the length of the device in centimeters. The constant KI is given by 3.75 cm. Theoretically a:, for this device, is a straight line at 0". As can be seen from the plots, the measurements on the 75-0 test port are almost identical in magnitude and phase to those made on a conventional 50-0 test port. The maximum difference in magnitude, -I rS0 1, is 0.004 while the maximum difference in phase, +75 -+50r is 0.7". From the theoretical analysis, one would not expect the 75-50-0 discontinuity to produce a significant difference in magnitude for offset short measurements. However a large phase difference could be expected if the test port were not properly calibrated.
The differences observed are all close to the total measurement uncertainty that normally exists for 14-mm devices. The total uncertainty in the measurement of I rS0 l, However, the total uncertainty in phase U,,, for a 50-0 termination, typically ranges from 5 " to 30" depending on I r50 I. Theory shows that a difference in magnitude of the order of 0.2 could be expected for this device if proper calibration procedures were not used. A summary of the measurements for all of the devices is given in Table 11 . As in the previous examples, the maximum differences that were observed in both magnitude and phase are shown. As can be seen, the differences in the measurements are generally close to U, and Up, the total predicted measurement uncertainty for similar de- vices measured on 5 0 4 test ports. The biggest difference is for the 7 5 4 device where a difference in magnitude of 0.006 was observed while the measurement uncertainty is only 0.003. This discrepancy is not believed to be significant in view of the limited nature of this experiment. A significantly more detailed experiment would be required to determine if there is any statistical significance to these differences.
V. CONCLUSIONS The experiment shows that large imperfections in the test ports of a network analyzer can be tolerated if proper calibration procedures are used. In the experiment, a 75-!J test port on the dual six-port network analyzer was calibrated to look like a 50-!J test port. Six different devices were then measured on the 75-0 test port. The results of the measurements were generally indistinguishable from measurements made with a conventional 5 0 4 test port. The imperfections in the test ports are normally substantially less than in this experiment. Thus any errors caused by test port imperfections should also be correspondingly less if proper calibration procedures are used.
